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Fig.2.1 Queuing packets in the network
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2.3 Kraemer/Langenbach-Belz????
???????????????????????????????????????????
????????????????? 1978 ???Kraemer ? Langenbach-Belz [1] ?????
GI/G/1??????????????????????????? (?? K-LB???)???
????????????????
TA = ????????
TW = ??????
TH = ??????
 = ?????
h = ????????
?????????? A????????????
A =
E (TH)
E (TA)
=   E(TH)
=   h (2.1)
???????????????????? C2A?????????????????? C2H ?
???????????????????
C2A =
V ar(TA)
E(TA)2
(2.2)
C2H =
V ar(TH)
E(TH)2
(2.3)
?????????GI/G/1?????????????? E(TW )?????W ?????
??????
E(TW ) =
A  h
2(1 A)  (C
2
A + C
2
H)  f(A;C2A; C2H) (2.4)
f(A;C2A; C
2
H) =
8>>>><>>>>:
exp
 
 2(1 A)
3A
 (1  C
2
A)
2
C2A + C
2
H
!
C2A <= 1
exp
 
 (1 A)  C
2
A   1
C2A + 4C
2
H
!
C2A >= 1
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? 2? ????
W = A+ (C2A   1) A(1 A)  g(A;C2A; C2H) (2.5)
g(A;C2A; C
2
H) =
8>><>>:
1 + C2A +A  C2H
1 +A(C2H   1) +A2  (4C2A + C2H)
C2A <= 1
4A
C2A +A
2  (4C2A + C2H)
C2A >= 1
(2.4)? GI/G/1???????????????????????????????????
?????????????????????????????
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(????????)??????????????????????????????????
???????????????????????????????????????????
?????????????????????????????? Little??????????
????????????????????????????????????????????
???????????????????????????????????????
2.4 GI/G/1??????????????
1986???? [2]???? GI/G/1?????????????????????????n
??????? tn?????????????? Sn?????????? Tn = tn+1 tn(n >= 1)
??????? Sn(n >= 1) ?????????????????????P (Tn <= t) = A(t)
?P (Sn <= t) = B(t)?P (Tn   Sn  Un <= t) = U(t)??????
Wn ? n ????????????W1 = 0 ???????I ???? regeneration cycle ?
??????? idle time???????????????????? E(W )????????
V (W )??????????
E(W ) =  E(U
2)
2E(U)
  E(I
2)
2E(I)
?? (2.6)
V (W ) =  E(U
3)
3E(U)
+
 
E(U2)
2E(U)
!2
+
E(I3)
3E(I)
 
 
E(I2)
2E(I)
!2
? (2.7)
(2.6),(2.7)???idle time? 3???????????????????? V (W )?????
???????
??? (2.7)???heavy trac????????????light trac??????????
????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????????
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2.5 ?????
???????????????????????????????????????????
???????????????????????????????????????????
????????????????????????????????????????????
?????????????????? X(t)?????X(t)??????? f(x; t)
f(x; t)dx = Pfx <= X(t) < x+ dxg (2.8)
??????????????????????????????????
@
@t
f(x; t) =
1X
n=1
( 1)n
n!
@n
@xn
[an(x; t)f(x; t)] (2.9)
??? an(x; n) = 0 (n = 2; 3;    ) ??? (2.9) ? 1 ?????????????????
an(x; n) = 0 (n = 3; 4;    )??????x???? 2??t???? 1???????????
????????????
@
@t
f(x; t) =   @
@x
[a1(x; t)f(x; t)] +
1
2
@2
@x2
[a2(x; t)f(x; t)] (2.10)
??? [3].
(2.10)????????????????????????????????
2.6 M/G/1????????????????
1976?? Kleinrock [4]? (2.10)???????????????????????????
M/G/1 ???????????????????????????????????????
?????????????? FIFO(First-in-First-out)??????
xk = ??????? k ??????
 = ?????
 = ?????
 =


??????M/G/1?????? 2????????????????????????  = 1
???????????
2 =
"
 x2
2(1  )
#2
+
 x3
3(1  ) (2.11)
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2.7 GI/GI/1????????????????
2011????? [5]?????????????????????????GI/GI/1????
???????????????????????????????????????????
???????????????????????????????????????????
???????????????? FIFO??????
?????? ??????? ?????????????? ?  = =???????
??????????????????? C2a?????????????????? C2b ???
???????? ?????  ?????????
 =   1 (2.12)
 = 
C2a + C
2
b

(2.13)
??????????????????Newell ? Heyman ?????????? (Reect
barrier:RB) ??Feller ? Gelenbe ??????????? (Elementary return: ER) ????
??????????????????????????? (x = 0)????????????
??????????????????????????????light trac????????
???????????????????????? (x = 0)???????????????
???????????????????????????????????????????
???????????????????? x??????????????????????
???? fRB???????????????????????? fER ???????????
?????????
fRB(x) =  
2

e
2x
 (2.14)
fER(x) =  
2

e
2x

Z 1
0
(1  (y))e 2y dy (2.15)
??? B(y)??????????????????? (2.14)?(2.15)? Brumelle??????
????????????????????????????
E0(WRB) =
(C2a   1) + (C2b + 1)
2(1  ) (2.16)
E0(WER) =
(C2a + C
2
b )
2(1  ) (2.17)
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2.7 GI/GI/1????????????????
(2.16)?(2.17)????????????? V ar(WRB)? V ar(WER)??????????
???
V ar(WRB) =

E(V 2RB)  E0(WRB)E0(B2)  3E0(B3)
	
  fE0(WRB)g2 (2.18)
E(V 2RB) =
1
2
(
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(1  )
)2
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V ar(WER) =
"
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{ 11 {

? 3?
GI/GI/1 ????????????
?????
3.1 ?????
?????GI=GI=1?????????????????????????????????
?????????????????? (2.21)??????????????????????
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???????????? 2???????????? (C2a = 2)??????????????
???????? 2???????? (C2a = 0:5)????????? (C2a = 0)???????
????????????????????????????2???????????????
?????????2??????????????????????????????????
?????????? FIFO?????????
???????????????????????????????????????????
?? D=D=1(C2a = 0; C2b = 0)?????????????????????????????
????????????????????????????? (0 <=  < 1)????????
??? 0????????(2.21)? (C2a = 0; C2b = 0)???????
V ar(W ) = 0 +
b(3)
6(1  ) ( < 1) (3.1)
????????? 0??????????(2.21)? D=D=1??? 0???????????
M=GI=1??? H2=GI=1??????????????????????????????
V ar(W ) =
"
(C2a + C
2
b )
2(1  )
#2
+
(C2a + 1)b
(3)
6(1  )  
b(3)jC2a   1j
6(1 + C2b   )
(3.2)
(3.2)???D=D=1???????????? 0?????????????
V ar(W ) = 0 +
b(3)
6(1  ) 
b(3)
6(1  )
= 0 (3.3)
? 3? GI/GI/1?????????????????
???M=GI=1(C2a = 1)?? (2.21)????Kleinrock?M=G=1?????????????
??? (2.11)??????????????
V ar(W ) =
26664
(1 +
V ar(x)
(E(x))2
)
2(1  )
37775
2
+
(1 + 1)b(3)
6(1  )   0
=
26664
(
(E(x))2 + E(x2)  (E(x))2
(E(x))2
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2(1  )2
37775
2
+
b(3)
3(1  )
=
"
E(x2)
2(1  )4
#2
+
b(3)
3(1  )
(3.4)
????E(x2)???????? 2???????b(3) ???????? 3??????????
 = 1?????
=
"
 x2
2(1  )
#2
+
 x3
3(1  ) (3.5)
????(2.11)????????????? 4?????????????????? (2.21)?
(3.2)??????????????
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??????
?????? (4.1)
???????
?? L?????
?? L??????? =
((L=2)  (L=2)  )
L  L
=

4
(4.2)
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Fig.4.2 Variance of waiting time in the H2=H2=1 system
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Fig.4.3 Variance of waiting time in the H2=E2=1 system
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Fig.4.4 Variance of waiting time in the M=M=1 system
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Fig.4.5 Variance of waiting time in the E2=E2=1 system
{ 19 {
? 4? ???????????????
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Fig.4.6 Variance of waiting time in the D=D=1 system
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???????????????????? wireshark ????????????? ID ???
???????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
??????
5.2 ????????
??????????????????????????????Fig.5.1?????????
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clients file server, mail server, etc. 
router 3 
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Fig.5.1 Situation of the trac data acquisition
5.3 ??????
????????????????????????????Fig.5.2???????????
????
??????????????????????????????????????????
?????????????????? (????)? RTT(Round Trip Time:??????)?
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Internet 
ACK 
packets 
waiting time: 
RTT 
arrival: 
packet interval 
service: packet size /  bandwidth 
Fig.5.2 RTT model
5.4 ????
Table 5.1?????????
data acquisition period 1 year
software wireshark
le format pcap
protocol TCP/IP
Table 5.1 The experiment specication
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? 5? ???????????????
5.5 ????
Table 5.2??????????????????????????????????????
??????
average of inter-arrival time : E(a) 0.024(sec)
inter-arrival rate :  = 1=E(a) 41.7
variance of inter-arrival time : V ar(a) 280.79
squared coecient of variation of inter-arrival : C2a 487482.6
average of service time : E(b) 0.000051(sec)
service rate ? = 1=E(b) 19607.8
variance of service time ?V ar(b) 2:5 10 9
squared coecient of variation of service time : C2b 0.96
trac density ?  = = 0.002
average of RTT 0.049(sec)
variance of RTT 0.055
Table 5.2 Parameters of trac data
5.6 ????????
?????????????????????????????????????? 3???
???????????????????????????????????????????
???????????? Fig.5.3???????????????????????x  0:0001
?? x?????????????????
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????????????MTU????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
????????????????????????(B.11)???
0:000051 =
1

 ' 19607:8 (5.1)
?????????? f(x)??????? F (x)??
f(x) = 19607:8e 19607:8x (5.2)
F (x) = 1  e 19607:8x (5.3)
???????Fig.5.3?????????????????????????????????
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? 5? ???????????????
????????? g(x)??????? G(x)????
g(x) = 0:5  19607:8e 19607:8x + 0:5  1p
20:000072
e
 
(x  0:0012)2
2  0:000072 (5.4)
G(x) = 0:5
 
1  e 19607:8x+ 0:5  1
2
 
1 + erf
 
x  0:0012p
2  0:000072
!!
(5.5)
(5.2)?(5.4) ????????????????????????????????????
????????????????????????????????? Fig.5.4 ??????
?????????? Fig.5.5??????????????????????????????
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Fig.5.5 Approximate cumulative probability of service time
Fig.5.4 ??????????????????????????????????????
???????Fig.5.5 ????????????????????????????????
????
5.7 ????
??????????????????????????????????????????
????????(5.4) ?????? ??????? C2b ? 3 ??????????????
???????????????3 ???????????????????????????
??????????????3?????????????????????Table 5.2???
????? ??
 = 0:5 19607:8 + 0:5 1
0:0012
= 10220:6 (5.6)
 =


= 0:004 (5.7)
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? 5? ???????????????
????????? C2b ??(B.7)???
C2b = 0:5 1 + 0:5
0:000072
0:00122
' 0:502 (5.8)
???3?????? b(3) ??(B.8)?(B.15)???
b(3) = 0:5 
 
6
19607:83
!
+ 0:5   3 0:0012 0:000072 + 0:00123
' 8:73 10 10 (5.9)
Table 5.2?(5.8)?(5.9)?????????????(3.2)?????????????????
??????????????????????????????????
variance accuracy(%)
actual environment(RTT) 5:5 10 2 100
approximation (service : exponential distribution) 7:02 10 4 1.27
approximation (service : mixture distribution) 1:05 10 2 19.1
Table 5.3 Accuracy of the variance of the waiting time
5.8 ??
Table 5.3??????????????????????????????????????
??????????????????????????????????? 2???????
???????????????????????????????? RTT ????????
????????????????????????????????????????????
???????????????????????????????????????????
????????????? (????????????)?????????????????
???????????????????????????????????????????
???? RTT?????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
????????????????????????????????
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????????????????????????????????????????????
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???????????????????????RTT??????????????????
????????????????????????????????????????????
?????????????????????????
6.2 ???????
??????????????????????????????????????????
??????????????????????????????????????????
???????????????????????????????????????????
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Fig.A.2 Variance of waiting time in the D=E2=1 system
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Fig.A.3 Variance of waiting time in the D=H2=1 system
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Fig.A.5 Variance of waiting time in the M=E2=1 system
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???????????????????????????? Fig.A.6????
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Fig.A.6 Variance of waiting time in the M=H2=1 system
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Fig.A.7 Variance of waiting time in the E2=D=1 system
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Fig.A.8 Variance of waiting time in the E2=M=1 system
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Fig.A.10 Variance of waiting time in the H2=D=1 system
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????
B.1 ????
??????????? f(x)???????
f(x) =
1p
22
e
 
(x  )2
22 (B.1)
????????? F (x)???????
F (x) =
1
2
 
1 + erf
x  p
22
!
(B.2)
?????????????Mt(x)???????
Mx(t) = e
0B@t+2t2
2
1CA
(B.3)
(B.3)??????? E(x)??? V ar(x)??????? C2 ?????????????
E(x) =
dMx(t)
dt
jt=0
=  (B.4)
E(x2) =
d2Mx(t)
dt2
jt=0
= 2 + 2 (B.5)
V ar(x) = E(x2)  (E(x))2
= 2 (B.6)
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(E(x))2
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2
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(B.7)
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?? B ????
????? 3??????? (B.3)?????????????
E(x3) =
d3Mx(t)
dt3
jt=0
= 2 + 3 (B.8)
B.2 ????
????M ??????? f(x)???????
f(x) =

e x (x >= 0)
0 (x < 0)
(B.9)
????????? F (x)???????
F (x) =

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?? E(x)??? V ar(x)??????? C2 ?????????????
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